Proteins in the tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein family (YWHA; also known as 14-3-3) are involved in the regulation of many intracellular processes. We have examined the interaction of YWHA with peptidylarginine deiminase type VI (PADI6), an abundant protein in mammalian oocytes, eggs, and early embryos. Peptidylarginine deiminases catalyze the posttranslational modification of peptidylarginine to citrulline. PADI6 is associated with oocyte cytoplasmic sheets, and PADI6-deficient mice are infertile because of disruption of development beyond the twocell stage. We found that PADI6 undergoes a dramatic developmental change in phosphorylation during oocyte maturation. This change in phosphorylation is linked to an interaction of PADI6 with YWHA in the mature egg. Recombinant glutathione S-transferase YWHA pull-down experiments and transgenic tandem affinity purification with liquid chromatography-mass spectrometry demonstrate a binding interaction between YWHA and PADI6 in mature eggs. YWHA proteins modulate or complement intracellular events involving phosphorylation-dependent switching or protein modification. These results indicate that phosphorylation and/or YWHA binding may serve as a means of intracellular PADI6 regulation.
INTRODUCTION
Members of the tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein family (YWHA; also known as 14-3-3) are involved in the regulation of a number of intracellular processes. YWHA proteins are a highly conserved, ubiquitously expressed family of proteins that exist in all eukaryotic organisms, and seven isoforms of YWHA have been identified in mammals [1] [2] [3] [4] . YWHA proteins complement or supplement intracellular events involving phosphorylation-dependent switching or protein-protein interaction [5, 6] .
YWHA may alter the activity of bound proteins, change the associations or interactions of the bound proteins with other proteins, protect protein phosphorylation, promote protein stability, or alter the intracellular localization or destination of the bound protein. YWHA proteins form homodimers or heterodimers that generally bind to amino acid motifs in target proteins containing a phosphorylated serine residue and arginine at positions À3 or À4 (i.e., ArgXXpSer or ArgXXXpSer, where pSer is phosphorylated serine and X is any amino acid).
Proteomic and biochemical approaches have identified more than 200 proteins that may interact with YWHA [1, [6] [7] [8] . The functional role of YWHA has been studied in a variety of cellular processes, including signal transduction, trafficking, apoptosis, stress response, and malignant transformation [5, 6, 9] . Of particular interest, YWHA has a role in vertebrate development and cell-cycle regulation. For example, experimental reduction of specific YWHA isoforms causes gastrulation and axial patterning defects in Xenopus embryos [10] and defects in neural cell migration in mammals [11] . YWHA proteins interact with cell-cycle control proteins. For example, YWHA controls the localization of CDC25B in somatic cells [12] , and YWHA is associated with the meiotic arrest of Xenopus oocytes [13, 14] . (For a review of the role of YWHA proteins in cell-cycle regulation, see Hermeking and Benzinger [15] .) To our knowledge, the role of YWHA in mammalian oocyte maturation, fertilization, and early development has not been examined.
Peptidylarginine deiminase type VI (PADI6) is an abundant protein in mammalian oocytes, eggs, and early embryos [16] . It also is the most recently characterized member of the peptidylarginine deiminase enzyme family (PAD; EC 3.5.3.15). As a class, peptidylarginine deiminases catalyze the conversion of peptidyl or protein L-arginine to L-citrulline with the generation of NH 3 . Citrulline is a nonstandard amino acid that is not introduced during translation and is only present in proteins as a result of this posttranslational modification, which is known as citrullination. The PAD enzymes do not convert free arginine to citrulline. Citrullination causes a decrease in the net positive charge of a protein [17] , which may affect protein-protein intermolecular interactions or alter the three-dimensional folding of proteins, thereby potentially changing the function or activity of substrate proteins. Five PAD isoforms have been described: PADIs 1-4 and 6. (For a review of the gene structure, protein distribution, and functions of the PAD isoforms, see Vossenaar et al. [17] .) The primary substrates for PAD enzymes are structural proteins, such as the intermediate filaments keratin (PADI1, in keratinocytes), vimentin (PADI2, in skeletal muscle and macrophages), and neurofilament associated proteins, such as myelin basic protein (PADI2, in the brain). The PADs also citrullinate intermediate filament-associated proteins, such as filaggrin (PADI1, in keratinocytes) and trichohyalin (PADI3, in hair follicles). PADI4 is unique, because it is found in the nucleus, mainly in white blood cells, where it may function in citrullination of histone proteins, thereby altering chromatin structure and serving as a transcriptional coregulator [18] . Moreover, PADdependent conversion of methyl-arginine to citrulline residues could alter the patterns of histone methylation, which may influence gene regulation. Although some evidence suggests that conversion of methylated arginine to citrulline may occur in vivo [19] , PAD enzymes are unable to deiminate methylated arginine in vitro [20] , and this process needs further examination [18] .
Human PADI6 mRNA transcripts are found predominately in ovarian tissue and also in the testis and peripheral blood leucocytes [21, 22] . Similarly, in the mouse, PADI6 is expressed in the mouse ovary (specifically in oocytes), ovulated egg, and early embryo [16] ; this isoform is not known to be present in other mouse tissues. The human PADI6 protein is approximately 65% identical to the mouse PADI6 [22] . Analysis of mouse PADI6 reveals approximately 40% homology to the other known PAD isoforms (PADIs 1-4) [16, 22] . In mouse oocytes, PADI6 was found to be colocalized with keratin-containing intermediate filaments contained in cytoplasmic sheets [16] , which suggested a potential interaction or substrate for the PADI6 protein. Evidence for the role of PADI6 affecting cytoplasmic sheets as well as subsequent development comes from analysis of PADI6-deficient mice [23] . Absence of PADI6 and, presumably, its citrullination activity appears to prevent the formation of the keratincontaining cytoplasmic sheets. Oocyte growth, ovulation, maturation, and fertilization are normal in PADI6-deficient mice, but development stops at the two-cell stage, suggesting that PADI6 is required for normal development beyond the two-cell stage.
In the present study, we show a cell cycle-dependent change in phosphorylation of PADI6. This stage-specific change in phosphorylation during oocyte maturation enables the interaction of YWHA with PADI6 in the mature egg. Evidence for this interaction comes from a number of biochemical tests using oocyte and egg extracts as well as the recently developed proteomic method of tandem affinity purification (TAP) followed by liquid chromatography-mass spectrometry (LC-MS) to identify proteins interacting with a protein of interest. To our knowledge, this is the first YWHA binding interaction to be described for the mouse egg, and this information may provide insight regarding PADI6 activity, its regulation, and its interactions with other cellular proteins.
MATERIALS AND METHODS

Collection of Oocytes, Eggs, and Two-Cell Embryos
Mouse oocytes and eggs were collected in a minimal essential medium (MEM) as described previously [24, 25] . In brief, females were injected with 7.5 IU of eCG, and 44-48 h later, the ovaries were removed and repeatedly punctured with a 26-gauge needle to rupture follicles. Cumulus cell-enclosed oocytes were isolated, and the cumulus cells were removed by repeated pipetting though a small-bore pipette. Fully grown, germinal vesicle-intact oocytes with a diameter of approximately 80 lm (measured with an ocular reticle) were collected. The oocytes were transferred through several MEM washes in drop cultures under mineral oil. All oocytes were collected and cultured in MEM containing 0.1 mg/ml of dibutyryl cAMP (dbcAMP) to prevent spontaneous oocyte maturation except those used for in vitro maturation experiments, which were incubated without dbcAMP and allowed to mature.
Mature, metaphase II-arrested eggs were obtained from mice following superovulation, and the cumulus cells were removed with 0.3 mg/ml of hyaluronidase (type IV-S). Following cumulus cell dispersal, eggs were collected and washed through several drops of MEM. To obtain two-cell embryos, superovulated females were caged with male mice for 24 h. The oviducts were removed from the females 2 days after caging, and the embryos were flushed out with a syringe filled with MEM and tipped with a 30-gauge needle. Recovered embryos were collected and cultured in MEM. Except when noted, all media and chemicals were obtained from Sigma-Aldrich. The transgenic mice were produced in a licensed animal facility in accordance with the German Animal Welfare Act (Tierschutzgesetz) following the guidelines of the European Convention for Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (1986). Transgenic and all other mice used in the present experiments were housed and used at Kent State University under an approved Institutional Animal Care and Use Committee protocol following the National Research Council's publication Guide for the Care and Use of Laboratory Animals.
Antibodies
An affinity-purified rabbit phospho-specific antibody was obtained from Cell Signaling Technology (9601). This antibody was generated against synthetic peptides containing the phosphorylated serine YWHA binding motif. The antibody has been shown to recognize the YWHA binding motif in several putative YWHA binding proteins [26] [27] [28] [29] [30] [31] . We refer to this antibody as the antip(S)YWHA binding motif antibody. An affinity-purified, polyclonal antibody recognizing PADI6 was generously provided by Dr. Scott Coonrod (Cornell University, Ithaca, New York). This antibody was generated in guinea pig against a peptide comprised of the N-terminal 200 amino acids of recombinant PADI6. Anti-PADI6 was used for Western blot experiments. A protein Gpurified rat monoclonal that recognizes HSPA8 (Hsc-70; ab19136; Abcam) was used in immunoprecipitation experiments. The immunogen for this antibody was the hamster full-length native heat shock 70-kDa protein 8 (HSPA8). Affinity-purified polyclonal rabbit anti-YWHA (anti-14-3-3; 51-0700; Invitrogen) was used to detect YWHA protein. This antibody was raised against a 20-amino-acid synthetic peptide based on the N-terminus of the human YWHA and is cross-reactive with a broad range of YWHA isoforms.
One-Dimensional Protein Gel Electrophoresis and Western Blot Analysis
Oocytes and eggs were collected as described above, and the zonae pellucidae were removed by a brief treatment in acid Tyrode solution (0.14 M NaCl, 3 mM KCl, 1.6 mM CaCl 2 Á2H 2 O, 0.5 mM MgCl 2 Á6H 2 O, 5.5 mM glucose, and 0.1% polyvinyl alcohol [PVA], pH 2.5). Cells were rinsed in MEM, counted, and transferred to Tris-buffered saline (TBS; 25 mM Tris-HCl [pH 7.5] and 150 mM NaCl) containing 0.1% PVA in a microcentrifuge tube. The TBS was removed, lysing buffer added, and the cell lysates quick-frozen in ethanol/dry ice and stored at À708C until use. The lysis buffer contained 10 mM Tris-HCl [pH 7.2], 1 mM EDTA, 1 mM EGTA, 0.1% (v/v) b-mercaptoethanol, 1% (v/v) Triton X-100, protease inhibitors (1 mM PMSF, 0.1 mM TPCK [Tosyl Phenylalamyl Chloromethul Ketone], 10 lM leupeptin, 1 lM pepstatin A, and 75 nM aprotinin), and phosphatase inhibitors (1 mM Na 3 VO 4 , 100 nM calyculin A, 10 mM b-glycerophosphate, and 5 mM sodium pyrophosphate). Immediately before polyacrylamide gel electrophoresis, 1 ll of bromophenol blue (0.1% v/v) was added to each tube to track progression through the gel.
Oocyte, egg, and two-cell embryo proteins were electrophoretically separated by SDS-PAGE using a 4% stacking, 12% resolving polyacrylamide gel. The proteins were examined by immunoblot analysis after electrophoretic transfer for 1 h at 100 V to an Immobilon-P polyvinylidene fluoride (PVDF) membrane (Millipore Corp.). The membranes were washed with TBS blocking buffer (TBS with 5% nonfat milk and 0.1% Tween-20) for at least 30 min before overnight (48C) incubation with one of the primary antibodies diluted in blocking buffer (anti-PADI6, diluted 1:10 000; anti-p(S)YWHA binding motif, diluted 1:1000; or anti-HSPA8 diluted to 0.1 lg/ml). Following primary antibody incubation, the membranes were thoroughly washed with TBS containing 0. 
Two-Dimensional Electrophoresis
Mouse eggs and oocytes, collected as described above, were lysed, quickfrozen in ethanol/dry ice, and stored at À708C until use. The lysis buffer for two-dimensional electrophoresis contained 8 M Urea, 4% (w/v) CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate), 4 mM Tris-HCl (pH 7.5), protease inhibitors (protease inhibitor tablet; Qiagen), and phosphatase inhibitors (5 mM sodium pyrophosphate, 50 mM NaF, 1 mM Na 3 VO 4 , 100 nM calyculin A, and 10 mM b-glycerophosphate). Rehydration buffer (Bio-Rad ReadyPrep sequential extraction kit reagent 3; 5 M urea, 2 M thiourea, 2% CHAPS, 2% SB-3-10, 40 mM Tris, and 0.2% Bio-Lyte 3-10 ampholyte) containing 50 mM dithiothreitol (DTT) was added to lysates for 30 min at room temperature. The lysate, in rehydration buffer, was then used to actively rehydrate an immobilized pH gradient strip (pH 4-7, 7 cm; ReadyStrip 163-2001; Bio-Rad) following the manufacturer's instructions at 50 V for 12 h using Bio-Rad Protean Isoelectric Focusing (IEF) Cell. Immediately following active rehydration, rapid automated IEF was performed for a total of approximately 14 000 volt-hours. The procedure for second-dimension protein separation and blotting was identical to that described above using the Bio-Rad Protean IEF system according to the manufacturer's instructions.
Protein Microsequencing
Eggs were collected and lysed, and proteins were resolved by onedimensional SDS-PAGE as described above. In the initial experiment to determine the protein identified by the anti-p(S)YWHA binding motif antibody, proteins from mature eggs were run on a gel and stained with Coomassie blue, and the major band at approximately 75 kDa was excised for analysis. This band corresponded exactly to the band labeled by the p(S)YWHA binding motif antibody in corresponding Western blots. In the TAP-YWHA purification (described below), the band was excised from a silver-stained gel. Processing of the gel band and microsequencing was performed in the laboratory of Dr. Michael Kinter (Lerner Research Institute Mass Spectrometry Laboratory for Protein Sequencing, Cleveland Clinic Foundation). In brief, gel pieces were destained, dehydrated (acetonitrile), reduced (DTT), and alkylated (iodoacetamide) before overnight trypsin digestion. Peptides extracted from the polyacrylamide were analyzed by LC-MS. The LC-MS system was a ThermoFisher LTQ linear ion-trap mass spectrometer system. The HPLC column was a self-packed, 8-cm 3 75-lm (inner diameter) Phenomenex Jupiter C18 reversed-phase capillary chromatography column. The digest was analyzed to provide full-scan mass spectra for peptide molecular weights and product ion spectra to determine amino acid sequence. The collisionally induced dissociation spectra collected were used to search the National Center for Biotechnology Information nonredundant database with the search program Mascot (Matrix Science Ltd.). All matching spectra were verified by manual interpretation.
Dephosphorylation of Blotted Proteins with Lambda Protein Phosphatase
Eggs were collected, and proteins were extracted, resolved by SDS-PAGE, and electrophoretically transferred to PVDF membrane as described above. The membrane was then washed twice with deionized water and blocked with TBS containing 1% BSA and 0.1% Triton X-100 for 1 h. Dephosphorylation of PVDF-bound proteins was achieved by incubation in TBS containing 1% BSA, 0.1% Triton X-100, 2 mM MnCl 2 , and 400 U/ml of recombinant Lambda Protein Phosphatase (14-405; Upstate/Millipore) overnight at 48C. Lambda Protein Phosphatase has activity against phosphorylated serine, threonine, tyrosine, and histidine residues. Following dephosphorylation treatment, the membrane was washed in PBS containing 0.1% Tween-20, then washed four times in deionized water. Western blot analysis, as outlined above, was performed after phosphatase treatment.
Immunoprecipitation of HSPA8
Egg extracts were incubated with anti-HSPA8 (10 lg/ml) or control rabbit serum (10-12 lg/ml) with rotation for 1 h at 48C. Protein G-Sepharose beads (GE Healthcare Life Sciences) were washed once with distilled water and twice with TTBS. The Protein G-Sepharose beads were added to the antibody/egg extract preparation, and the mixture was incubated with rotation for an additional 1 h at 48C. The immunoprecipitated complexes were pelleted by centrifugation (1500 rpm, 5 min), and the supernatant (flow-through) was retained. The pellet was washed by resuspension and centrifugation (1500 rpm, 5 min) twice with TTBS and twice with buffer containing 10 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 0.1 mM TPCK, 50 mM NaF, 5 mM sodium pyrophosphate, 10 mM b-glycerophosphate, 0.1% (v/v) b-mercaptoethanol, and 1% NP-40, pH 7.2. The pellet and the original supernatant samples were divided equally by volume for analyses by SDS-PAGE and immunoblotting with anti-HSPA8 or anti-p(S)YWHA binding motif antibodies.
Subcloning, Expression, and Purification of Glutathione S-Transferase-YWHA and Glutathione S-Transferase
The YWHAZ (YWHAf) cDNA, subcloned in pcDNA 3.1/V5-His-TOPO, was a generous gift from Dr. Helen Piwnica-Worms (Washington University). The cDNA was amplified by sense primer 5 0 -CTCGGATCCATGGA-TAAAAATGAGCTGGTTCA-3 0 containing a BamHI restriction site and 3 0 antisense primer 5 0 -CTCGAATTCTTAATTTTCCCCTCCTTCTCCTG-3 0 containing a stop codon followed by an EcoRI restriction site. The PCR was followed by digestion of the insert and a glutathione S-transferase (GST)-tag vector pGEX 4T-2 (GE Healthcare Life Sciences) with BamHI and EcoRI.
One-hundred nanograms of digested vector were incubated at 48C overnight with 30 ng of the digested PCR product (digested in the presence of DNA ligase). Escherichia coli (Nova blue strain) were transformed with ligation reaction product, and bacterial colonies containing YWHA cDNA were identified by PCR. The pGEX 4T-2 plasmid containing YWHA cDNA was amplified and purified using a Qiagen midi prep kit. The resulting subcloned product was sequenced to ensure that the sequence was correct. Escherichia coli (BL21) cells were transformed with plasmid containing GST (empty vector pGEX 4T-2) and GST-YWHA. Cultures were incubated at 378C in 23 YTA (16 g of tryptone, 10 g of yeast extract, and 5 g NaCl, with 100 mg/ml of ampicillin) until the optical density at 600 nm reached 0.5-2. Induction was done by adding isopropyl-1-thio-b-D-galactopyranoside at a final concentration of 75 mM, and the incubation was continued for another 4 h. The culture was centrifuged at 6000 3 g at 48C to sediment the cells. The pellet was resuspended in 50 ml of PBS containing protease inhibitors (Complete Protease Inhibitor Cocktail Tablet; Roche Applied Sciences). Cells were disrupted by sonication on ice with short bursts (six bursts for 6 sec each). Lysed bacteria were centrifuged at 16 000 3 g for 10 min. The supernatant was collected and incubated with Glutathione Sepharose 4B beads (GE Healthcare Life Sciences), washed three times with PBS, for 2 h. Beads, along with supernatant, were transferred to a disposable column (Bio-Rad). The beads were washed with PBS (threefold the bed volume) to remove any proteins binding nonspecifically to the beads. The GST and GST-YWHA that bound to beads was eluted with GST elution buffer (10 mM Tris-HCl [pH 8 .0] and 20 mM glutathione). Both GST alone and GST-YWHA purified as described above were dialyzed overnight in PBS containing 1 mM phenylmethanesulfonyl fluoride. The SDS-PAGE analysis of purified GST and GST-YWHA showed a single band at approximately 27 kDa and approximately 55 kDa, respectively, after Coomassie blue staining. The concentrations of GST and GST-YWHA were estimated by comparison to BSA standard after SDS-PAGE analysis and Coomassie blue staining.
GST-YWHA Pull-Down Assay
Glutathione Sepharose 4B beads were prepared according to the manufacturer's specifications. The beads were resuspended in buffer A (10 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 0.1 mM TPCK, 50 mM NaF, 5 mM sodium pyrophosphate, and 10 mM b-glycerophosphate, pH 7.2) to obtain a 50:50 slurry. The GST-YWHA or GST was added, in equal molar amounts, to 50 ll of bead slurry and incubated with rotation at 48C for 3 h. The beads were washed with 400 ll of buffer A and centrifuged (1500 rpm, 5 min) to remove the supernatant. Egg and oocyte extracts were prepared as described in One-Dimensional Protein Gel Electrophoresis and Western Blot Analysis, added to the beads, and incubated with rotation at 48C overnight. Beads were washed four times with 1 ml of buffer B (10 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 0.1 mM TPCK, 50 mM NaF, 5 mM sodium pyrophosphate, 10 mM b-glycerophosphate, and 0.1% [v/v] bmercaptoethanol, pH 7.2). The GST fusion proteins and any bound proteins were eluted directly into Laemmli buffer and boiled for 5 min before resolving through 12% SDS-PAGE. Eluted proteins (pellet or bound) and supernatant (flow-through or unbound) samples were analyzed by Western blotting with anti-p(S)YWHA binding motif and anti-PADI6 antibodies.
Dephosphorylation of Egg Proteins and GST-YWHA Pull-Down Assay
Eggs were collected and extracted with 0.1% NP-40, then added to lambda phosphatase reaction buffer (50 mM Tris-HCl, 100 mM NaCl, 0.1 mM EGTA,at 308C for 20 min. The total reaction volume was transferred to a tube containing prepared Glutathione Sepharose 4B beads, and the GST-YWHA pull-down analysis was performed as described in GST-YWHA Pull-Down Assay.
YWHA Tandem Affinity Purification
The technique of tandem affinity purification (TAP) coupled with LC-MS permits the identification of proteins forming endogenous complexes within cells. The TAP method is highly sensitive, selective, and particularly suited for detecting multimeric protein complexes in their native environment within cells [32] . This method was used to demonstrate that YWHA interacts with PADI6 in the mature egg. The TAP tag consists of dual tag of protein A from Staphylococcus aureus (Prot A) and calmodulin binding peptide (CBP). The CBP tag is fused to the bait protein (for these experiments, YWHA), and its interacting partners are purified by two sequential steps. The CBP tag allows the purification on a calmodulin affinity column of the YWHA together with any proteins that are bound to it. Before purification, however, the complexes are first bound to IgG. The Prot A tag binds to IgG-sepharose and normally would be released only under denaturing conditions at low pH; however, a specific tobacco etch virus (TEV) protease recognition sequence (TEV cleavage site) is inserted between the Prot A and CBP tags. Treatment with TEV protease releases the CBP-protein complex from IgG-sepharose under mild native conditions. Thus, the fusion protein and its interacting partners are purified by two sequential steps. This purification is under native conditions, preserving protein-protein interactions, and the two-step purification dramatically reduces nonspecific binding of background proteins.
Transgenic mice expressing TAP-tagged YWHA in oocytes and eggs were used to examine endogenous YWHA binding interaction with PADI6. (The generation of these transgenic animals has been described by Angrand et al. [33] ). In brief, the TAP cassette, composed of Prot A, a specific TEV protease recognition sequence, the calmodulin binding protein, and the YWHAZ (YWHAf) protein sequence, was inserted between the human ubiquitin C promoter and the polyadenylation signal. The gel-purified ubiquitin C-TAP-YWHAZ transgene was used to produce transgenic mice. Founders and progeny were genotyped by PCR using primers complementary to the human ubiquitin C promoter (5 0 -ACCCGTTCTGTTGGCTTAT-3 0 ) and TAP cassette (5 0 -TGGCTGCTGAGACGGCTATGA-3 0 ) sequences. The original transgenic founders expressing the TAP-YWHAZ construct were mated with outbred CD1 mice to produce a line expressing TAP-YWHA in all tissues examined. Only animals expressing the transgene were used in subsequent TAP experiments.
Mature eggs were collected as described in Collection of Oocytes, Eggs, and Two-Cell Embryos. The TAP purification buffer consisted of 50 mM TrisHCl, 150 mM NaCl, 0.1% (v/v) NP-40, 1.5 mM MgCl 2 , 5% (v/v) glycerol, phosphatase inhibitors (5 mM sodium pyrophosphate, 10 mM b-glycerophosphate, and 50 mM sodium fluoride), and protease inhibitors (Complete Protease Inhibitor Cocktail Tablet), pH 7.5. After removal of zonae pellucidae, eggs were immediately lysed in the TAP purification buffer and frozen at À708C. Before the first purification step, IgG beads (IgG Sepharose G Fast Flow; GE Healthcare Life Sciences) were washed three times in buffer. Extract from 2400 eggs (protein content, ;68 lg/ml) was added to 100 ll of IgG bead slurry, and the TAP-YWHA complex was allowed to bind through Prot A to the IgG beads for 4 h at 48C. The TAP-YWHA/IgG bead complex was centrifuged and then was washed three times with TEV buffer (50 mM Tris-HCl, 0.5 mM EDTA, and 1 mM DTT, pH 8). The TEV protease (40 U; AcTEV Protease; Invitrogen) was added, and the TAP-YWHA/IgG bead complex was incubated with TEV protease overnight at room temperature with rotation to cleave the complex at the TEV cleavage site, releasing the YWHA/CBP complex from the IgG beads. The eluate (calmodulin binding protein coupled with YWHA and bound proteins) was recovered and added to calmodulin binding buffer (CBB, Interplay TAP Purification Buffer Kit; Stratagene) supplemented with CaCl 2 (200 lM). Calmodulin beads (calmodulin affinity resin; Stratagene) were washed with CBB. The YWHA/calmodulin binding protein complex was mixed with the calmodulin beads with rotation for 3 h at 48C. The beads were pelleted by centrifugation (1500 rpm, 5 min) and washed twice with CBB. Calmodulin elution buffer (50 mM Tris-HCl and 20 mM EGTA, pH 8) was added to release bound protein complexes (1 h with rotation at room temperature). The supernatant (final eluate) containing YWHA (with calmodulin binding protein) and proteins bound to YWHA was collected for gel electrophoresis. Following electrophoresis on a 12% polyacrylamide gel, the gel was silver-stained.
The silver-staining protocol was optimized for subsequent protein analysis using LC-MS. Gels were fixed for 30 min in fixer (50% [v/v] 
RESULTS
To investigate the role of YWHA in oocyte maturation and early development, we collected extracts of immature oocytes, mature eggs, and two-cell embryos, then separated the proteins by polyacrylamide gel electrophoresis and probed with an antip(S)YWHA binding motif antibody in Western blot analysis. The anti-p(S)YWHA binding motif antibody labels proteins that might interact with YWHA. Immunoreactivity at a single, discrete band (;75 kDa) was present in mature eggs and twocell embryos but not in immature, germinal vesicle-intact oocytes (Fig. 1A, left) . These results were confirmed by several more experiments in which fresh extracts were prepared and SDS-PAGE was followed by immunoblot analysis. One gel containing the extracts of mature eggs was stained with Coomassie blue, and the major band at approximately 75 kDa was excised and microsequenced to determine what proteins might be present. The excised band corresponded exactly to the band labeled by the p(S)YWHA binding motif antibody in corresponding Western blots. Sequencing data indicated that two proteins may be present in this band, one being the HSPA8 (also known as Hsc70, UniProt primary accession no. P63107) and the other PADI6 (UniProt primary accession no. Q8K3V4). We first focused on PADI6. The recovered sequenced peptides matched 18% of the full PADI6 sequence with 100% identity (Fig. 2) .
Analysis of the complete PADI6 protein sequence revealed two potential YWHA binding motifs (ArgXXSer) contained within the PADI6 protein (Fig. 2, bold lettering) , which could account for the observation that this 75-kDa protein is labeled by the anti-p(S)YWHA binding motif antibody. Subsequent Western blot analysis with anti-PADI6 in oocytes, eggs, and two-cell embryo extracts confirmed that this band at approximately 75 kDa contained PADI6. In agreement with the initial description of PADI6 in these cells [16] , the protein seemed to be approximately equal in amount within oocytes, eggs, and two-cell embryos (Fig. 1A, right) . Our data suggested that PADI6, though present in oocytes, is not phosphorylated at sites recognized by the anti-p(S)YWHA binding motif antibody; however, it does become phosphorylated during oocyte maturation. As indicated by the anti-p(S)YWHA binding motif antibody experiments, PADI6 remains phosphorylated in two-cell embryos, though apparently to a lesser degree than in mature eggs (Fig. 1A) .
To confirm that the anti-p(S)YWHA binding motif antibody was recognizing a phosphorylated protein, egg proteins were extracted, separated by electrophoresis, and blotted onto a membrane. The membrane was then treated with lambda protein phosphatase before probing with the anti-p(S)YWHA binding motif antibody (Fig. 1B) . No reactivity with the antip(S)YWHA binding motif antibody was seen in blots treated with lambda protein phosphatase, which served to remove phosphate groups from proteins in the blot. When the same blot was reprobed with anti-PADI6 antibody, however, immunoreactivity was present at precisely the same molecular weight as in a control blot (not treated with phosphatase) probed with anti-p(S)YWHA binding motif antibody. These results indicate that the anti-p(S)YWHA antibody selectively recognizes a phosphorylated motif in PADI6 in extracts of mature eggs.
Oocyte maturation is induced in vivo by LH, which results in lowered oocyte cAMP levels. Mammalian oocytes, however, 340 mature spontaneously in vitro, in the absence of LH, when isolated from ovarian follicles. Proteins were extracted from both in vivo-and in vitro-matured oocytes, resolved, blotted, and probed with anti-p(S)YWHA binding motif antibody. Immunoreactivity was observed in both in vivo-and in vitromatured eggs at 75 kDa (Fig. 1C) . Therefore, PADI6 phosphorylation is associated with hormone-independent spontaneous oocyte maturation as well as with in vivo oocyte maturation. These results indicate that both in vivo-and in vitro-matured eggs can be used to study PADI6 phosphorylation and interactions with YWHA. Phosphorylation of PADI6 likely is caused by signaling events that are activated soon after maturation is initiated. Phosphorylated PADI6 is easily detected within 1 h of release from meiotic arrest by removal of dbcAMP from the in vitro maturation medium (Fig. 1D ).
Sequencing data revealed the possible presence of two proteins in the 75-kDa excised and sequenced band, PADI6 and HSPA8. To rule out the possibility that HSPA8 and not PADI6 is phosphorylated, we examined the phosphorylation status of HSPA8 following immunoprecipitation in egg extracts using an anti-HSPA8 antibody. Anti-HSPA8 probed blots of the immunoprecipitation pellet sample showed a band at 75 kDa (Fig. 3, lane 3) , confirming that the anti-HSPA8 antibody immunoprecipitated the HSPA8 protein; however, 
FIG. 2.
Identification of PADI6 by microsequencing. The 75-kDa band was excised from a gel containing egg proteins, and peptides were analyzed by LC-MS. Microsequenced peptides covered 18% of the mouse PADI6 sequence shown (UniProt primary accession no. Q8K3V4) with 100% identity (underlined portions). Bold and dashed underline portions indicate putative YWHA binding domains in PADI6 as indicated by a YWHA motif search in Scansite [34] . Both of the regions contain the ArgXXSer sequence associated with YWHA binding. In these sequences, Ser-219 and Ser-400 (asterisks) also are highly probable serine phosphorylation sites (NetPhos 2.0 Server [35] ). Ser-219 and Ser-400 are putative targets of PKA and RPS6KA1, and Ser-400 also may be a PKC site as well as a AKT1 site (Scansite and NetPhosK 1.0 Server [34, 35] ).
PADI6 PHOSPHORYLATION AND YWHA BINDING
when proteins from the same pellet sample were separated by electrophoresis, blotted, and probed with anti-p(S)YWHA binding motif antibody, no immunoreactivity was seen (Fig.  3, lane 1) . The presence of immunoreactive protein was observed in the supernatant or flow-though sample that was blotted and probed with anti-p(S)YWHA binding motif antibody (Fig. 3, lane 2) . This demonstrated that the antip(S)YWHA binding motif antibody does not label the HSPA8 protein. Control immunoprecipitation experiments using equivalent amounts of rabbit serum instead of anti-HSPA8 antibody showed no nonspecific binding of HSPA8 in the pellet fraction. When control samples were blotted and probed with anti-HSPA8, no immunoreactivity was seen in the pellet (Fig. 3, lane 4) ; however, the presence of immunoreactive protein was detected in supernatant ( Fig. 3 lane 5) .
Two-dimensional PAGE analysis of egg and oocyte extracts with both the anti-p(S)YWHA binding motif and anti-PADI6 antibodies indicated an immunoreactive overlap in eggs. Specifically, both antibodies labeled an approximately 75-kDa, approximately 5.7-pI band in egg extract blots (Fig. 4, A  and B) . No reactivity was detected in oocyte extract blots probed with anti-p(S)YWHA (Fig. 4C) , however, anti-PADI6 reactivity was observed (Fig. 4D) . These results provide further evidence that the p(S)YWHA binding motif antibody selectively labeled PADI6 in extracts from mature eggs but not in extracts from immature oocytes. This information, combined with one-dimensional Western blot analysis, lambda protein phosphatase data, and the immunoprecipitation experiments ruling out HSPA8, indicate that the PADI6 protein may be phosphorylated at a YWHA binding site in eggs but in not oocytes. These experiments lead to the prediction that YWHA should bind to PADI6 in eggs (and not oocytes), because PADI6 may be phosphorylated at one or both of the two YWHA binding motifs present in the PADI6 protein.
To explore the role of YWHA in these cells, we first confirmed the previous observation that YWHA can be detected by Western blot in eggs [36] and showed that it also is present in oocytes. Extracts of egg and oocytes were resolved by SDS-PAGE, blotted, and probed with anti-YWHA antibody. The YWHA protein was present in eggs and oocytes in approximately the same amount (Fig. 5A) . We reprobed this blot with anti-p(S)YWHA binding motif antibody, which again clearly showed the PADI6 protein is phosphorylated in eggs but not oocytes.
To test the hypothesis that YWHA interacts with PADI6 in eggs, a GST-YWHA fusion protein was used in pull-down experiments of both egg and oocyte extracts. Extracts of oocytes or eggs were incubated with GST-YWHA fusion protein bound to glutathione sepharose beads. In the control experiments, extracts were incubated with recombinant GST alone bound to the beads. The pellet sample containing the GST-YWHA (or GST alone) and any bound proteins was eluted directly into sample buffer, electrophoresed, blotted, and probed with the anti-p(S)YWHA binding motif antibody or anti-PADI6. The GST-YWHA bound an egg protein that was labeled with the anti-p(S)YWHA binding motif antibody (Fig.  5B , GST-YWHA, Bound lane). The GST alone did not bind this protein, but it was present in the supernatant or flowthrough sample (Fig. 5B , GST Alone, Bound and Unbound lanes). Moreover, when the same pull-down experiment was repeated and the fractions were blotted and probed with anti-PADI6, the results were identical; GST-YWHA bound the protein recognized by anti-PADI6 (Fig. 5C , GST-YWHA, Bound lane). The GST alone did not bind PADI6, but PADI6 was present in the supernatant or flow-through sample (Fig.  5C , GST Control, Bound and Unbound lanes). This provides evidence that YWHA specifically binds to PADI6 in mature 
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eggs, which also is phosphorylated as indicated by the antip(S)YWHA binding motif antibody.
When the same GST-YWHA pull-down experiment was performed using extracts of oocytes and the pellet protein fraction was electrophoresed, blotted, and probed with anti-PADI6, the results demonstrated that YWHA did not bind PADI6 in oocyte extracts (Fig. 5D , GST-YWHA, Bound lane), but it certainly was present in the flow-through (Fig. 5D , GST-YWHA, Unbound lane). Similar to the experiments with egg extracts, GST alone did not bind PADI6 in oocyte extracts, but it was present in the flow-through sample (Fig. 5D , GST Control, Bound and Unbound lanes), thus ruling out the chance of nonspecific interactions with GST.
To demonstrate that YWHA does not bind unphosphorylated PADI6, GST-YWHA pull-down analyses were performed after egg extracts were treated with lambda phosphatase to dephosphorylate egg proteins. Following the GST-YWHA pull-down procedure, bound and unbound (pellet and flowthrough, respectively) fractions were electrophoresed, blotted, and probed with anti-p(S)YWHA binding motif antibody. As expected, neither fraction was labeled by this antibody (Fig.  6A) , because the proteins were dephosphorylated. As shown previously, however, phosphorylated PADI6 was detected in extracts of eggs not treated with lambda phosphatase (Fig. 6A,  control) . When the same blot was reprobed with anti-PADI6, a band indicating the presence of PADI6 protein was observed in the unbound fraction but not in the bound fraction (Fig. 6B) . These data provide further evidence for the phosphorylationdependent interaction of PADI6 and YWHA.
While results from the experiments described above indicate the PADI6 is a YWHA binding protein, when phosphorylated, there is some concern with these kinds of studies that the proteins of interest may not be interacting in vivo. We used the powerful technique of TAP to demonstrate an in vivo PADI6 and YWHA interaction in the mature mouse egg. Transgenic mice expressing TAP-tagged YWHA under the control of the ubiquitin C promoter were used to demonstrate an endogenous YWHA/PADI6 interaction. Before the purification was performed, we confirmed that mice carried the TAP-YWHA construct by PCR of genomic DNA and then confirmed [33] that such animals expressed the TAP-YWHA protein in reproductive tissues and cells. Extracts of ovaries and eggs were prepared from transgenic mice known to contain the TAP-tagged YWHA by PCR. Proteins from these extracts were resolved on a gel and probed in a Western blot with anti-YWHA, which recognizes YWHA. Ovaries contained TAP-YWHA (data not shown), and more importantly, as shown in Figure 7B , TAP-YWHA was detected in mature eggs.
The TAP procedure as described in Materials and Methods is outlined in Figure 7A . Mature eggs (n ¼ 2400) were retrieved from TAP-YWHA-positive females. Proteins from the final eluate of the two-step purification were separated by polyacrylamide gel electrophoresis. The gel was stained with silver, and bands were excised for LC-MS as described in Materials and Methods. Analysis revealed that PADI6 was present, having bound to the TAP-YWHA produced in eggs of the transgenic animals. The recovered sequenced peptides matched 10% of the full PADI6 sequence with 100% identity PADI6 PHOSPHORYLATION AND YWHA BINDING (Fig. 7C ). This experiment, using one of the most specific purification methods available today along with LC-MS, indicates in vivo binding of PADI6 to YWHA in mature eggs.
DISCUSSION
Mammalian oocytes become arrested at prophase I of meiosis, and viability of female gametes depends on the development of cellular and molecular competencies during oocyte maturation. As the oocyte resumes the cell cycle and forms a mature egg, the developing germ cell undergoes chromatin and cytoskeletal reorganization, develops mechanisms to block polyspermy, and acquires the ability to shift from maternal to zygotic gene expression if fertilized. The YWHA protein is known to function in amphibian oocyte maturation [11, 13] and plays a role in later amphibian development [10, 11] ; however, the role of YWHA in mammalian oocyte maturation and development is not known. To determine the part that YWHA may play in mouse oocyte maturation and embryonic development, we searched for YWHA binding partners using an antibody that recognizes the YWHA binding motif in target proteins. We identified PADI6 as a YWHA-interacting protein. The results of the experiments presented here indicate that the interaction of YWHA and PADI6 in mature eggs is dependent on the phosphorylation status of PADI6. Thus far, PADI6 is the only protein that has been demonstrated to bind to YWHA in the mouse egg, but there may be others.
Evidence for the YWHA/PADI6 interaction in mature eggs is provided by the GST-YWHA pull-down experiments and by the transgenic TAP-YWHA purification procedure. The TAP method originally was developed in yeast [37] , and its use has led to the discovery of new protein-protein interactions in studies of bacteria, yeast, and other cells in culture. The TAP method is highly sensitive, selective, and particularly suited for detecting multimeric protein complexes in their native cellular environment [32] . The key advantages of TAP purification over other affinity purification methods are, first, that the purification is under native conditions, preserving proteinprotein interactions, and, second, that the two-step purification dramatically reduces the complexity of analysis by very efficient reduction of the nonspecific binding of background proteins. At present, TAP coupled with LC-MS is one of the best procedures for examining protein complexes in their native state within cells. Using this method, we confirmed the in vivo interaction of PADI6 with YWHA in the mature egg.
The PADI6 sequence analysis suggests that the protein contains two potential YWHA binding domains. The putative YWHA binding domains in PADI6 contain an arginine at position À3 with respect to serine (ArgXXpSer), which is thought to be important for serine phosphorylation [38] and is important for YWHA binding [39] . The manufacturer's notes indicate that the p(S)YWHA binding motif antibody used in the present study binds to proteins containing the sequence ArgXXpSerXPro, a common YWHA binding motif, but proline at position þ2 is not required for all YWHA interactions [38, 40] . Moreover, this particular phosphoserine-dependent antibody is known to bind to phosphorylated serine motifs that do not contain proline [26] . The antip(S)YWHA binding motif antibody does not bind to PADI6 if the egg proteins, before electrophoresis or membrane blots, are treated with a phosphatase to remove phosphates, confirming that the antibody is phospho-specific. The antibody recognizes PADI6 only in the mature egg. It is apparent that in the transition from oocyte to egg, PADI6 undergoes a change in phosphorylation, likely at YWHA binding sites that can be detected by the p(S)YWHA binding motif antibody. This stage-specific change in phosphorylation alone may influence the function of the PADI6 protein. In addition, the binding of YWHA, which occurs only in mature eggs, may modulate or alter PADI6 function as well. The YWHA antibody that we used recognizes several isoforms. We have not yet determined which YWHA isoform may be important in the egg; however, in many cells, YWHA isoforms may be interchangeable and have shared activities. The GST pull-down and TAP-YWHA experiments used a YWHAZ (YWHAf) construct, and a specific isoform analysis for YWHA in the egg will be needed.
Based on some preliminary experiments using a general phosphoprotein probe (data not shown), we speculate that PADI6 may exist as a phosphorylated protein in both oocyte and egg; however, in the transition of oocyte to egg, a limited number of additional phosphorylation events or changes in the pattern of phosphorylation occur. We might expect that at least one phosphate is added, as evidenced by the anti-p(S)YWHA binding motif antibody experiments. We do not see a significant shift in the isoelectric point (pI) when comparing oocyte and egg PADI6 using two-dimensional electrophoresis; The same blot as in A reprobed with anti-PADI6. The PADI6 protein was present in the GST-YWHA unbound fraction and in the untreated control but was undetectable in the GST-YWHA bound lane, providing additional evidence that the YWHA/PADI6 interaction is phospho-dependent. This experiment was repeated three times with identical results. 344 however, the addition of one phosphate may not be enough to produce a visible shift in pI. Moreover, it is possible that PADI6 is both dephosphorylated and phosphorylated at multiple sites during oocyte maturation. One could imagine phosphorylation at one site (a YWHA binding motif) with dephosphorylation at another location; such a situation would not alter the pI.
The PADI6 proteins in eggs of other species also may be phosphorylated and bind YWHA in a similar manner. Strong conservation exists within the PADI6 isotype for those species that have been examined. For example, mouse PADI6 shares high-sequence conservation with human PADI6 [21] . The human PADI6 protein contains putative YWHA binding motifs very similar to those we identified in mouse, although the arginine at position À3 (with respect to serine) may be replaced by lysine. This, however, also is a known YWHA binding motif. There may be a similar, stage-specific PADI6 phosphorylation and subsequent PADI6/YWHA interaction in human eggs and, perhaps, in other mammals. The PADI6 first was described after its discovery in mouse oocytes, eggs, and early embryos [16] and subsequently was shown to be expressed as transcripts in human ovary, peripheral blood leukocytes, and testes by RT-PCR [21] . The homologous gene sequence is known for rat, dog, cat, chimpanzee, and several other species. The PADI6 shares some features with other PAD enzymes, and potential target proteins exist within the oocyte and egg (e.g., cytokeratins and histones). The specific targets and pathways for regulation of PADI6, however, are not known at this time. Moreover, PADI6 may have some unique properties that distinguish it from other PAD enzymes. The PADs 1-4 are regulated by calcium [41] . All mammalian PAD enzymes are highly conserved; however, whereas the catalytic region of PADI6 is similar to those of other PAD enzymes, the protein contains a number of amino acid substitutions that may be important in calcium binding. These substitutions suggest that PADI6 activity may not be regulated by calcium [42] . Thus far, enzymatic activity of PADI6 has not been demonstrated in an in vitro system. For example, unlike PADI4 (and all the other isoforms), PADI6 is unable to deiminate arginine in histone-derived synthetic peptides [20] . This could be a result of the absence of calcium-induced conformational changes in the protein that are critical for activation of the active site, or the peptides tested in vitro may not be similar to protein targets within the oocyte. Evidence for PADI6 catalytic activity in oocytes is indirect (see below) but suggests that PADI6 is active in growing oocytes. Studies of PADI6 enzymatic activity (both in vivo and in vitro) should now take into account the phosphorylation status of the protein. Complexes are washed to remove proteins binding nonspecifically, and the CBP-YWHA is released by incubating the beads with TEV protease. 3) CBP is bound to calmodulin beads in presence of calcium. 4) Finally, the fusion protein, along with its binding partners, is eluted in a buffer containing EGTA, and the complex is characterized. B) Extracts of 200 eggs were prepared from transgenic mice known to contain the TAP-tagged YWHA by PCR. These extracts were resolved on a gel and probed in a Western blot with an anti-YWHA antibody to confirm that the eggs contained expressed TAP-YWHA. In these experiments, the anti-YWHA antibody labels any endogenous YWHA as well as the TAP-YWHA, which is detected at a higher molecular weight because it has the TAP construct associated with it. C) Results of the LC-MS indicate that the final eluate from the TAP-YWHA purification of 2400 mature eggs contained PADI6. The TAP-YWHA associated proteins were separated by SDS-PAGE, silver-stained, and sequenced by mass spectroscopic analysis. Sequencing data indicated that PADI6 was present in the band at approximately 75 kDa. Microsequenced peptides covered 10% of the mouse PADI6 sequence shown (UniProt primary accession no. Q8K3V4) with 100% identity (underlined portions).
PADI6 PHOSPHORYLATION AND YWHA BINDING
It has been reported that PADI6, as determined by immunoelectron microscopy, is colocalized to keratin-containing intermediate filaments, also known as cytoplasmic sheets, in the mouse oocyte [16] . If an active enzyme, PADI6 may citrullinate oocyte or egg proteins, and it has been suggested that one target could be the cytokeratins in these cells. Recently, a PADI6 conditional knockout mouse was generated [23] . Female mice deficient in PADI6 are infertile but otherwise normal. Infertility results from a block of further development beyond the two-cell-stage embryo. This block is linked to an apparent lack of an unknown citrullinated protein or proteins in the oocytes. Furthermore, developing oocytes without PADI6 lack cytoplasmic sheets. The evidence that PADI6 is an active enzyme in the mouse oocyte is based on indirect immunohistochemical analysis with an antibody raised against a histone H4 peptide containing citrulline. The exact identity of the citrullinated protein or proteins in the oocyte is not known. Absence of some citrullinated protein in the PADI6 knockout mouse suggests that PADI6 may be active in growing oocytes even at low cytoplasmic calcium which might reflect a different calcium sensitivity, or because the calcium binding sites in PADI6 are not conserved compared to other PADs, that PADI6 activity is regulated in some other manner.
If it is confirmed that PADI6 has enzymatic activity in oocytes, it may be that this activity must be altered during the later stages of meiosis and during fertilization-for example, to prevent citrullination of histone proteins in the egg or sperm chromatin, which are exposed to the cytoplasmic enzymes in the mature egg. The regulation of PADI6 may depend on its phosphorylation status and/or interaction with YWHA, particularly if PADI6 is not regulated by calcium. In addition, because the calcium sensitivity of PADI6 has not been examined directly, we do not know if the large calcium transients that accompany fertilization [24] might be sufficient to activate the enzyme in the fertilized egg, despite the alterations in the calcium binding domain of this PAD isotype. This calcium increase may be enough to stimulate PADI6 citrullination activity. Again, the phosphorylation of PADI6 or its interaction with YWHA may modulate PADI6 activity if it is sensitive to high endogenous calcium. A direct test for enzymatic activity in the oocyte and egg is needed, and this test should take into account the phosphorylation status of PADI6 and YWHA binding. The interaction between YWHA and PADI6 may alter enzyme activity either directly or by protecting the phosphorylated site on PADI6. The YWHA protein has been shown to protect phosphorylated proteins from inopportune dephosphorylation [13] . Alternatively, YWHA proteins modify associations or interactions of the proteins to which they are bound. Interactions of PADI6 with other proteins may be altered when it is phosphorylated and bound to YWHA.
The identity of the kinases that may phosphorylate the potential YWHA binding motifs in PADI6 remains unknown. The YWHA binding domain kinases include PKA, AKT1 (PKB), PKC, PAK1 (p21 [CDKN1A]-activated kinase 1), RPS6KA1 (ribosomal protein S6 kinase polypeptide 1, also known as RSK1, MAP kinase-activated protein kinase 1a, or MAPKAPK1A), and MAPKAPK2 (MAP kinase-activated protein kinase 2) [1] . Examination of the two putative YWHA binding motifs in PADI6 reveals that these sites are potential phosphorylation targets for several of these kinases. For example, Ser-400 in one of the YWHA binding motifs is a potential target for PKA, PKC, RPS6KA1, and AKT1. Of these, it will be interesting to examine PKB and RPS6KA1, because the activity of each increases before or about the time of germinal vesicle breakdown during oocyte maturation [43, 44] . Phosphorylation of proteins may be dependent on the dynamic interaction of kinases and phosphatases, and the role of phosphatases will need to be examined as well. PADI6 appears to be a unique member of the PAD family. Future examination of PADI6 activity and function in the growing oocyte, egg, and two-cell embryo will need to take into account phosphorylation status and YWHA interaction.
